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A formula for the stopping power of neutrinos interacting via the standard weak-interaction model, but
incorporating the possibility of neutrino oscillations among the three flavors, is derived. The results are
applied to study the solar-neutrino anomaly and it is found that the anomaly cannot be accounted for by
many orders of magnitude from consideration of the energy losses of the neutrinos interacting with the
solar matter, even if the oscillation hypothesis is found to be valid.
Ever since the experiment performed by Davis and his
collaborators' and the discrepancy observed between the ex-
perimental data and the theoretical results calculated based
on the standard solar model, the solar-neutrino anomaly has
puzzled theorists and experimentalists. In two previous
publications, the possibility of explaining the anomaly
from consideration of the energy losses of the neutrinos in-
teracting with the electrons in the solar plasma has been in-
vestigated. In particular, by considering the possible elec-
tromagnetic and weak interactions between the neutrinos
and the electrons, it had been concluded that the anomaly is
not likely to be accounted for from considerations of the en-
ergy losses of the solar neutrinos. In order to have a more
complete conclusion, in this note we reinvestigate the prob-
I
lem of the energy losses taking into account the possibility
of oscillations of the neutrino among its three flavors: v„
v„, and v, .
Because of the possibility of the mixing of the neutrino
mass eigenstates and weak eigenstates in the standard
Weinberg-Salam model, a neutrino can oscillate among the
three flavors v„v„, and v, (corresponding to the three
known leptons e, p, , and r) as it travels in space. 4 Taking
into consideration this oscillation process, we shall work out
the v, -e scattering cross section. For antineutrinos, the v, -e
scattering process has been worked out by Halls and McKel-
lar, 5 in terms of the recoil energy Q of the electron; the
result is
r r 12 rG m, g m, g
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where m, is the mass of the electron, E„ is the energy of the incident neutrino, and
2
2m
=4.1X10 cm /MeV, gv= —~+2sin Ha, g„= —z (2)
The quantity P, (t) in Eq. (1) is the probability of the electron antineutrino to preserve its identity at a time t satisfying the
relation
P, (r)+P„(r)+P,(r) =1
Though the results quoted in Ref. 5 indicate the insensitivity of the energy loss in the sun of solar neutrinos to v„v„, and
v, oscillations, the v, -e scattering cross section cannot be obtained simply by replacing g& by —g& in Eq. (1), since the
scattering occurs via a mixture of charged and neutral currents for the v, -e (Ref. 7) process, while only the neutral current
contributes to the v„-e and v, -e scattering processes. To do this, we have to go back to the original formalism with the con-
stants Cq and C~ associated with the left and the right electron currents, respectively. The result reexpressed in terms of
the gq and gv in Eq. (2) is
dO
dQ
62 f 1
2m
P, (t) 4(gw +gv+1)+2(gg gv) z + (go +gv) + (gw Fv) I + z (Zw gv )2 2 (4)
It should be remarked that in the case when P, (t) = 1, i.e. , no oscillation occurs, both Eqs. (1) and (4) give back the well-
kno~n results due first to 't Hooft and others. '
To apply Eq. (4) to study the energy loss of solar neutrinos, we compute the stopping power for neutrinos in the high-Q
limit treating the solar electrons to be free. Following the theory of energy losses, "' we obtain
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TABLE I. Stopping power and energy loss for solar neutrinos for two values of P, ~
E„(MeV) 0 (Me V)
P8 = 0.4
(Mev/cm)dEdS
—SE (MeV)
P8=10
(Mev/cm)dEdS
—aE (MeV)
1
2
3
5
8
10
0.80
1.77
2.77
4.76
7.75
9.75
1.6x 10
8.1 x 10
19.7 x 10
58 ~ Sx10
155.6 x 10—20
246.3 x 10
1.1x 10
5.7 x 10-9
13.8 x 10
41.0x 10
108.9 x 10
172.4 x 10
3 1x]0
] 5.7x 10
39.1 x 10
116.6 x 10 20
311.2 x 10
493.6 x 10
2.18 x 10
11.0 x 10
27.3 x 10
81.6 x 10
217.8 x 10
345.5 x 10
NG m [2Pe (gw + g v + 1 ) + (gg + g v ) ] ( Qm —q )dS 2m
'I 4 4't~2 2 Qm - 9 1,Qm —ri
E 8(gA gv) (2Pe+gA + gv) (gA gv) 2 + 2 (gA gv)E.
. .
3 E„ ' 4
where N is the number density of electrons in the medium,
Q = 2E„2/(m, + 2E„) is the maximum energy transferred
to the electron, and g is approximately given by the
plasmon energy of the solar electrons. Similar results can
be obtained for the energy losses of antineutrinos by em-
ploying Eq. (I). Due to moderate energies of and enor-
mous distances traveled by solar neutrinos, P, has been es-
timated to lie within the range'
0.39~P, ~0.86 .
For solar electrons, %=1.2&&10'5 cm 3 and q —f(4m' /
m, )'~2 —100 eV. With all these numerical values and taking
sin Hw —0.224 in (2), we have computed Eq. (S) for two
different values of P„P,= 0.4 and P, = 1, corresponding to
no oscillations. Furthermore„ if we assume that this stop-
ping power is constant all along the range of the neutrino,
then the total energy loss ( —AE) for a neutrino created at
the center and escaping at the surface of the sun can be cal-
culated just by multiplying the stopping power with the ra-
dius of the sun —7X10' cm. The numerical results are
shown in Table I for different energies of the solar neutri-
nos.
The decrease in energy loss with decrease in P, can be
seen if one collects all the terms involving P, in Eq. (5) and
l
employs Eq. (2). One obtains
4Pe stn ~w 1
3 1+2E„m,
where use has been made of the fact that for all the neutri-
no energies considered q (& Q . It is obvious that (7) de-
creases as P, decreases implying a decrease in ( —dE/dS).
From the results, we see that the energy losses of the
solar neutrinos are of the same order of magnitude when
compared with those values when no oscillation occurs.
The exact numerical values are even smaller in this case.
The energy lost by 1-MeV neutrinos traversing through the
sun is —10 MeV and that for 10-MeV neutrinos is
—10 MeV, which are completely insignificant. Thus, to-
gether with the two previous investigations, we can con-
clude more safely and completely that the solar-neutrino
anomaly is not likely to be accounted for from considera-
tions of energy losses of the neutrinos due to interaction
with the solar matter as it escapes through the sun.
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